Focused electron beam-induced deposition (FEBID) is capable of producing metal-containing nanostructures with lateral resolution on the sub-nanometer scale. Practical application of this nanofabrication technique has been hindered by ligand-derived contamination from precursors developed for thermal deposition methods. Mechanistic insight into FEBID through surface science studies and gas-phase electron-molecule interactions has begun to enable the design of custom FEBID precursors. These studies have shown that precursors designed to decompose under electron irradiation can produce high-purity FEBID deposits. Herein, we highlight the progress in FEBID precursor development with several examples that incorporate this mechanism-based design approach.
Introduction
Focused electron beam-induced deposition (FEBID) is a promising nanofabrication technique that can create metalcontaining nanostructures by using electrons to induce local decomposition of organometallic precursors adsorbed onto solid substrates in a vacuum environment. [1] The precursor molecules are physisorbed onto the surface under (local) steady-state conditions in dynamic equilibrium with the gas feed and serve as the reactant for the intended deposit. Deposition is initiated when secondary electrons created by the interaction of the primary electron beam with the substrate stimulate the decomposition of molecularly adsorbed precursor molecules into non-volatile fragments. [2] [3] [4] [5] A representation of the FEBID process is depicted in Fig. 1 .
FEBID combines the advantages of direct-write lithographic processes (e.g., high spatial resolution, site specificity, maskless, resistless) with the flexibility to deposit materials on non-planar surfaces. The lateral dimensions of the deposits are controlled by rastering the electron beam, while the vertical dimensions are controlled by varying the dwell time at a specific location. [2] [3] [4] [5] Consequently, FEBID has the capability to fabricate deposits where the size, shape, and interparticle distance can all be accurately and independently controlled across a range of length scales due to the relative ease with which electrons can be focused and translated. As such, a virtually unlimited range of spatially and geometrically well-defined three-dimensional (3D) metal-containing nanostructures with potential applications in a wide array of nanotechnologies can be created by FEBID. Consequently, FEBID is increasingly being used to fabricate and prototype freestanding, singlenanometer scaled nanostructures (Fig. 2) . [6] [7] [8] [9] [10] Indeed, nanostructures created by FEBID have already garnered broad usage, including a commercial system for repairing extreme ultraviolet lithography masks, [11] [12] [13] [14] customized tips for local probe microscopes, [15, 16] and the fabrication and modification of nanophotonic and nanoplasmonic devices. [17] [18] [19] The potential of FEBID to impact various nanotechnologies has been further enhanced by the development of multi-beam technologies that could transform FEBID into a parallel processing technique for creating nanostructured arrays and devices for larger scale technologic applications. [20] Ultra-high vacuum studies on commercially available chemical vapor deposition precursors
Mechanism-based precursor design [23, 24] relies on the mechanistic information about precursor decomposition under the reaction conditions of the particular deposition technique. For FEBID, the critical information involves electron-molecule interactions. To gain insight into mechanistic details of the FEBID process, an ultra-high vacuum (UHV) surface science approach [25, 26] has been used ( Fig. 3) , in which vapor phase precursor molecules are adsorbed onto a cold substrate to generate a 1-2 monolayer (ML) film. Use of a cold substrate (<200 K) minimizes the likelihood of thermal reactions or precursor decomposition upon adsorption as well as thermal effects such as diffusion. Under these conditions, experimental results can be reasonably attributed to electron-stimulated reactions. By using a broad beam electron source (flood gun) to irradiate adsorbed precursor films, X-ray photoelectron spectroscopy (XPS) can be used to monitor surface reactions, while mass spectrometry (MS) detects species desorbed by the action of the electron beam. The energy of the electrons generated by the flood gun (500 eV) is sufficient to generate the low-energy secondary electrons (energies <∼100 eV) that are widely believed to be responsible for the elementary reaction steps that accompany FEBID. [27] [28] [29] The UHV surface science approach [25, 26] provides details of the reactions that occur during electron-induced precursor decomposition that are not available in a typical FEBID apparatus. Generally, FEBID is performed in a modified scanning electron microscope, in a pressure range of 10 −5 to 10
Torr, with a constant partial pressure of precursor during deposition, at ambient temperature. [1] [2] [3] [4] [5] Since surface science studies are conducted in UHV (base pressure <5 × 10 −9 Torr), the presence of background gases that are typically present in electron microscopes is negligible, allowing MS to detect and discern species generated as a result of electron irradiation in the absence of overwhelming signals from background gases. In addition, the precursor coverage is fixed by the initial dose, as the precursor supply is not refreshed after the initial adsorption (physisorption) of precursor molecules. This enables the use of XPS to monitor changes in the coverage and bonding X-Au-L precursors are introduced through the gas injection system (GIS) and are physisorbed onto the substrate surface. Electron beam irradiation stimulates precursor decomposition producing volatile X and L species that desorb from the surface and a non-volatile Au deposit. The gold spheres represent gold atoms, the burgundy spheres represent X-type ligands (e.g., Cl, Br, I), and the black spheres represent L-type ligands (e.g., PR 3 , CO, CNR, where R = alkyl or aryl). Applying a UHV surface science approach to FEBID. A 1-2 monolayer film of precursor molecules is adsorbed at low temperatures (<200 K) and exposed to a broad beam source of incident electrons; changes in the film composition and bonding are probed with XPS while mass spectrometry identifies gas-phase species that desorb as a result of electron irradiation.
environments of the various elements contained within the organometallic precursor, information that can be used to determine the sequence of the reaction steps that occur as a result of electron irradiation. To determine how FEBID precursors react under the influence of electron irradiation, UHV surface science studies initially focused on the evaluation of several widely used FEBID precursors, typically developed and used primarily for chemical vapor deposition (CVD). These CVD precursors are designed to produce pure or nearly pure metallic films in a process governed by thermal chemistry at elevated temperatures in the presence of a co-reductant or oxidant. However, the FEBID process relies on precursor-electron interactions, typically at ambient temperatures. Due to differences in these processes, precursors that produce pure metallic films in CVD often produce FEBID nanostructures with poor metal content. [30] Monodentate ligands: homoleptic carbonyl complexes Many popular FEBID precursors contain exclusively monodentate ligands, where the metal center is coordinated by one donor atom of the ligand. Perhaps the most prevalent monodentate ligand encountered in FEBID precursors is the carbonyl (CO) group, [3] found in the precursors such as Fe(CO) 5 , [31] Co 2 (CO) 8 , [32] Mo(CO) 6 , [33] and W(CO) 6 . [34] Tungsten hexacarbonyl [W(CO) 6 ] is a commonly used FEBID precursor that produces nanostructures comprised of oxidized tungsten atoms encased in a carbonaceous matrix. [34] [35] [36] [37] UHV surface science studies found that the elementary reaction steps that lead to the formation of these deposits occur in a two-step process. [38] Experimentally, this is shown in Fig. 4 where the evolution in the W(4f ), C(1s), and O(1s) regions of adsorbed W(CO) 6 films exposed to varying degrees of electron irradiation is plotted. Prior to electron irradiation (Fig. 4 bottom spectrum), the W(4f ), C(1s), and O(1s) regions are indicative of molecularly adsorbed W(CO) 6 . After a short electron exposure, there is a little change in the W(4f ) region, while the area of both the C(1s) and O(1s) regions has decreased. By following the change in integrated area within the C(1s) and O(1s) regions as a function of electron irradiation, it can be determined that two to three CO ligands per W(CO) 6 molecule are lost from the film during this initial stage of the reaction. [38] The loss of CO from the precursor is supported by the evolution of gasphase CO during electron beam irradiation as shown by the MS data [ Fig. 5(a) ]. [38] As a result of this precursor decomposition step, partially decarbonylated surface-bound intermediates are produced [e.g., W(CO) 4(ads) ]. Electron irradiation of these intermediates, however, does not cause further ligand desorption, but rather ligand decomposition. Thus, Fig. 4 shows that for larger electron doses, the CO contribution in both the C(1s) and O(1s) regions has largely disappeared to be replaced by spectral signatures indicative of graphitic carbon and oxidized tungsten atoms, consistent with the chemical characteristics of FEBID deposits created from W(CO) 6 . [34] [35] [36] [37] [38] Monodentate ligands: homoleptic phosphine complexes Another example of an FEBID precursor bearing solely monodentate ligands is the tetrahedral Pt(0) trifluorophosphine complex [Pt(PF 3 ) 4 ]. Since this is an inorganic precursor, it offers the obvious advantage of producing carbon-free deposits. However, FEBID nanostructures created from Pt(PF 3 ) 4 are typically found to contain phosphorus contamination. [30, 42, 43] UHV surface science studies [44] revealed that the decomposition of Pt(PF 3 ) 4 takes place in two sequential steps, analogous to the behavior of W(CO) 6 . The first step involves electron-stimulated decomposition of the precursor, which leads to the desorption of one PF 3 ligand due to cleavage of a Pt-P bond. Further electron irradiation, however, results in the cleavage of P-F bonds in the remaining three PF 3 ligands, allowing desorption of fluoride anions, but retaining significant amounts of the remaining phosphorus as contamination.
The reactions of W(CO) 6 and Pt(PF 3 ) 4 reflect a sequential, two-step reaction sequence [38, 44, 45] observed for several FEBID precursors that bear monodentate ligands: precursor decomposition accompanied by ligand desorption [Eq. (1)] followed by decomposition of the remaining ligands [Eq. (2) ]. The organic contamination in FEBID nanostructures is a consequence of the second step of the reaction process, which is characterized by ligand decomposition, where ML n indicates a precursor composed of a metal (M ) and ligands (L), and Z (g) represents volatile fragments desorbed. [45] ML n(abs) + e − ML y(ads) + Z (g) ,
(1)
It should be noted that for a few precursors, the intermediates [ML y(ads) ] formed by initial decomposition of the precursor have been shown to be unstable at room temperature and susceptible to further ligand desorption. Thermal ligand lability is relevant to practical FEBID, which is carried out in electron microscopes at or slightly above room temperature. Ligand lability at these temperatures has been demonstrated for the partially decarbonylated Fe x CO y intermediates produced by the electron-stimulated decomposition of Fe(CO) 5 [Eqs. (3) and (4)]. [31] This provides an explanation for the high metal content observed for FEBID nanostructures generated from Fe(CO) 5 .
Fe(CO) 5(ads) Fe
However, the best synthetic strategy remains to design precursors that will decompose to pure metals as a result solely of electron-stimulated reactions.
Monodentate ligands: heteroleptic complexes
An example of the reactivity of precursors that contain more than one ligand type is exemplified by a study performed on Co(CO) 3 NO, a commonly used Co-containing FEBID precursor. [39] Studies of Co(CO) 3 NO are consistent with electron irradiation initially resulting in the desorption of, on average, one to two CO ligands per molecule. After the initial CO desorption step, the remaining CO ligands are subjected to decomposition, resulting in a matrix of oxidized Co in an organic matrix. Thus, the behavior of the CO ligands is similar to that observed in W(CO) 6 . In contrast, the NO ligands decompose to form a nitride species during the initial CO desorption step, reflecting a different reactivity for this ligand, despite the fact that NO + and CO are isoelectronic. The overall reactivity is summarized in Eqs. (5)- (7).
Chelating ligands: homoleptic complexes
More complex ligands are common in commercially available CVD precursors and several of these appear in FEBID studies. Mass spectrometry (MS) data for commercially available FEBID precursors adsorbed on a cold (<200 K) substrate and irradiated with 500 eV electrons. Precursors shown are: (a) W(CO) 6 , [38] (b) Co(CO) 3 NO, [39] (c) Pt (hfac) 2 , [40] (d) Au(acac)Me 2 , [41] (e) MeCpPtMe 3 , [25] (f) CpPtMe 3 , [25] and (g) Ni(MeCp) 2 . [26] These include bidentate chelating ligands, which occupy two coordination sites on the metal center, such as the hexafluoroacetylacetonate (hfac) ligand. Several common hfac-containing precursors including Pt(hfac) 2 , Pd(hfac) 2 , and Cu(hfac) 2 are capable of producing pure metallic films in CVD. [46] However, in the FEBID process, nanostructures deposited from these precursors contain significant carbon contamination. [47, 48] UHV surface science studies of precursors containing bidentate chelating ligands found that the electronsimulated reactions are comprised of two steps, as seen for precursors containing exclusively monodentate ligands. However, the chemical reactions for these more complex precursors are less well-defined than for precursors that only contain simple monodentate ligands. [40] Specifically, UHV surface science studies of Pt(hfac) 2 , Pd(hfac) 2 , and Cu(hfac) 2 revealed that in the first step, approximately 50% of oxygen and fluorine atoms desorb, along with a small amount of carbon. However, there is no loss of intact hfac ligands with carbon being lost in the form of CO (and possibly small amounts of CO 2 ), as determined by MS (see Fig. 5 ). [40] Further electron beam irradiation of Pt(hfac) 2 , Pd(hfac) 2 , and Cu(hfac) 2 resulted in no further C or O loss, although fluorine continuously desorbed as F − ions. This is a consequence of the susceptibility of C-F bonds to electron-stimulated decomposition, a process which causes the desorption of fluoride
. [49, 50] Consequently, FEBID structures produced from Pt(hfac) 2 , Pd(hfac) 2 , and Cu(hfac) 2 are composed of metal atoms encased in an organic matrix, with little fluorine. A comparison of the chemical composition of films produced during the surface science studies with Pt(hfac) 2 , Pd(hfac) 2 , and Cu(hfac) 2 revealed that the nature of the metal center had relatively little effect on the overall composition of the final nanostructure. [40] In the case of Cu(hfac) 2 , a Cu-F species was observed, which led to an increased fluorine content in deposits created from Cu(hfac) 2 ; the analogous species was not observed with Pt and Pd.
Anionic polyhapto ligands
Another common ligand type is a polyhapto ligand, such as the cyclopentadienyl ligand (η 5 -C 5 H 5 or Cp), which coordinates to the metal through adjacent atoms of a conjugated π system. The Cp ligand is found in one of the most widely used FEBID precursors, trimethyl methylcyclopentadienyl platinum (MeCpPtMe 3 ), which contains both monodentate methyl (CH 3 or Me) and polyhapto methylcyclopentadienyl (η 5 -MeCp 3 ) ligands. This precursor produces pure platinum films in CVD, [51] but results in nanostructures with low platinum content, often <20%. [30] The UHV surface science studies of MeCpPtMe 3 revealed that electron beam irradiation results in the cleavage of one of the three Pt-CH 3 bonds, leading to the desorption of methane, while the remaining two CH 3 ligands undergo subsequent electron-stimulated decomposition and the carbon atoms are incorporated into the deposit. [25] Similar studies of adsorbed CpPtMe 3 demonstrated that CH 4 desorption is due to electron-stimulated cleavage of a Pt-CH 3 bond, rather than C-CH 3 bond cleavage in the MeCp ligand (see Fig. 5 ). [25] In contrast, none of the carbon atoms in the polyhapto MeCp ligand desorb, and therefore all of them contribute to unwanted carbon contamination. Consequently, the Pt is encased in an amorphous carbon matrix (PtC x film). Similarly, no carbon-containing species desorb when Ni(Cp) 2 is electron irradiated (see Fig. 5 ), and again, all of the carbon atoms in the Cp ligand contribute to the carbon contamination. [26] The absence of any Cp or MeCp desorption is consistent with the behavior of bidentate chelating ligands such as hfac and acetoacetonate (acac).
General lessons on ligand choice from commercially available precursors
The UHV surface science results on commercially available CVD precursors described above show that there are structure-reactivity trends for different ligands that are preserved between different precursors. Under electron irradiation (Fig. 5) , precursors containing multiple monodentate ligands (M-CO, M-PF 3 , M-CH 3 ) desorb one or more of these ligands, although the remaining ligands undergo electron-stimulated decomposition. In contrast, anionic bidentate chelating and polyhapto ligands do not desorb as intact ligands, but rather decompose with the specific decomposition pathway dependent on the nature of the chelating or polyhapto ligand. Anionic polyhapto ligands such as cyclopentadienyl (η 5 -C 5 H 5 or Cp) tend to be particularly problematic as the multiple metal-carbon bonds lead to ligand decomposition and carbon incorporation.
Beyond commercial precursors: complexes designed for FEBID (η 3 -allyl)ruthenium tricarbonyl halides Studies on the heteroleptic complexes (η 3 -C 3 H 5 )Ru(CO) 3 X (X = Cl, Br) [52] were initially designed to address an interesting question raised by the results from the surface science studies on the Pt precursor MeCpPtMe 3 . [25] Under electron irradiation, the carbons of the anionic polyhapto ligand η 5 -MeCp (Fig. 6 ), which has five equivalent metal-carbon bonds, were incorporated into the deposit as carbon contamination. In contrast, one of the monodentate methyl groups, whose κ 1 bonding mode indicates one metal-carbon bond, was removed in an electron-induced process. Left unanswered was the question of how many metal-carbon bonds to a single ligand could be broken under FEBID conditions. The ηUnder the UHV surface science conditions for electron-induced decomposition of the precursor, multiple CO ligands desorb but all of the carbon atoms in the η 3 -allyl (η 3 -C 3 H 5 ) ligand are retained in the deposits. [52] Facile loss of CO is consistent with the results of studies on gas-phase electron-molecule interactions of (η 3 -C 3 H 5 )Ru(CO) 3 Br. [53] Thus, anionic polyhapto ligands, even small ones, appear to be problematic for FEBID. Although the Br atoms do not desorb as the precursor decomposed, they can be removed from the film after exposure to higher electron doses as a result of a slower, electron-stimulated desorption process. Comparative studies with (η 3 -C 3 H 5 )Ru(CO) 3 Cl reveal that the identity of the halogen does not influence the elementary reaction steps involved in the decomposition process.
UHV surface science modeling: platinum precursors
In the rational design of Pt precursors, the coordination spheres of the common oxidation states of Pt, Pt(0), Pt(II), and Pt(IV) have been considered. For Pt(0) and Pt(II) compounds, fourcoordinate complexes are most common (Fig. 7) . [54] With Pt(0), the common formula is PtL 4 with four neutral ligands L while Pt(II) favors PtL 2 X 2 complexes with two neutral ligands L and two negatively charged ligands X. In contrast, Pt(IV) compounds tend to be six-coordinate (note that the η 5 -Cp ligand occupies three coordination sites, so that MeCpPtMe 3 has six-coordinate pseudo-octahedral geometry). [54] Based on our basic rules for the design of FEBID precursors to minimize the contamination from ligand fragments, the four-coordinate Pt(0) or Pt(II) complexes with fewer ligands would be more suitable for FEBID than the six-coordinate Pt(IV) compounds. However, there may be an upper limit to the number of L-type ligands that should be included in an optimal precursor, suggested by the studies of the electron-induced reactivity of Pt(PF 3 ) 4 . [30, [42] [43] [44] Collectively, our experimental observations and insights suggest that organometallic precursors with a small number of CO and halogen ligands could be used to generate deposits in FEBID with significantly higher metal concentrations (and correspondingly lower levels of organic contamination) compared with existing FEBID precursors. These considerations led us to explore the Pt(II) compound cis-Pt(CO) 2 Cl 2 as a potential FEBID precursor. [55] Studies of the electron-induced reactions of a few MLs of cis-Pt(CO) 2 Cl 2 under UHV surface science conditions demonstrated that more than one of the CO ligands desorbed during the initial electron irradiation. Higher electron doses resulted in the complete loss of the Cl. When the steady-state deposition conditions of FEBID were simulated by creating ≈200 nm-thick deposits from cis-Pt(CO) 2 Cl 2 in an Auger spectrometer on a room temperature substrate, the resulting material had the composition PtCl 2 and the Cl could not be removed by post-deposition electron beam processing. [55, 56] The absence of any carbon or oxygen contamination supports the idea that both of the CO ligands desorb from cis-Pt(CO) 2 Cl 2 during FEBID. This lack of any carbon contamination is in contrast to the deposits formed from commercially available precursors such as MeCpPtMe 3 and Pt(hfac) 2 , [4, 40] and is an important result due to the difficulty of removing carbon during post-deposition processing. The inability to remove the chlorine from the deposits created by FEBID in the Auger spectrometer was found to be a consequence of the limited escape depth of the chloride ions produced by electron interactions with PtCl 2 . [56] This effectively limits the depth of purification to nanostructures on the order of a few nanometers in size, including the ML films studied in the surface science experiments.
The Pt(II) complex cisplatin, cis-PtCl 2 (NH 3 ) 2 , has also been examined as a potential precursor for FEBID. [57] The tendency of NH 3 ligands to form intermolecular hydrogen bonds results in low volatility for cisplatin, but its reactivity under electron flux has been explored in several ways, allowing NH 3 to be evaluated as a ligand for FEBID precursors. Gas-phase dissociative electron attachment (DEA) studies on cisplatin demonstrated that NH 3 could be removed under electron irradiation at 5.5 eV. [58] Consistent with the expectations from gas-phase studies, when cis-PtCl 2 (NH 3 ) 2 particles were exposed to 20 keV electrons, the NH 3 ligands were rapidly removed, followed by a slower loss of chlorine. [57] In contrast, FEBID structures created from cis-PtCl 2 (NH 3 ) 2 formed deposits with a stoichiometry of PtCl, but the composition remained invariant to postdeposition electron exposure. Collectively, these results point to the facile loss of the two NH 3 ligands, analogous to the behavior of the CO ligands in cis-Pt(CO) 2 Cl 2 .
[57] The loss of chlorine from cis-PtCl 2 (NH 3 ) 2 particles was used to suggest that NH 3 can act as a reducing agent by decomposing under electron irradiation to produce species that facilitate the loss of Cl as HCl. This assertion is supported by the observation that atomic hydrogen, a species likely to be produced as a result of electron-stimulated NH 3 decomposition, efficiently removes Cl from PtCl 2 deposits. [56, 59] The presence of Cl in the deposits created in FEBID experiments was attributed to the ease with which NH 3 and/or its decomposition products could desorb from the growth surface during the deposition process, compared with the situation where a cis-PtCl 2 (NH 3 ) 2 particle was exposed. [57] The inability of post-deposition electron irradiation to change the PtCl composition of FEBID structures created from cis-PtCl 2 (NH 3 ) 2 can be rationalized by the same limited purification depth observed for PtCl 2 deposits created from cis-Pt(CO) 2 Cl 2 .
[56]
Control of precursor volatility by ligand selection: gold precursors
The need to deliver gas-phase precursor to the substrate for FEBID makes precursor volatility a crucial aspect in precursor design. We have used gold complexes as a platform to explore ligand effects on precursor volatility because of the high level of interest in the fabrication of gold nanostructures by FEBID. Nanostructures of Au have been shown to exhibit high DC conductivity and low ohmic losses, making them an ideal material for plasmonic applications. [60] The ability of FEBID to fabricate nanostructures with 3D control makes gold precursors of interest to enable the production of plasmonic structures. Classic examples of FEBID precursors used to fabricate gold nanostructures are β-diketonate-derived Au(III) complexes (Fig. 8, top) . These CVD precursors are predominately used because of their commercial availability and sufficient volatility for gas-phase transport in a gas injection system (GIS). In fact, these precursors produce pure gold films in CVD. [61] However, complete desorption of the bidentate anionic acac ligand was not observed during electron-stimulated reactions of Au(acac)Me 2 in UHV surface science studies, consistent with the general behavior of bidentate ligands in FEBID. [41] As would be predicted from the results of that experiment, FEBID from the Au(III) acac precursors generally produces deposits consisting of a carbonaceous matrix embedded with sparse amounts of gold metal. The low gold content (≤20, ≤40, and ≤3 at.% for the acac, [36, 62] tfac, [37, [62] [63] [64] and hfac [65] complexes, respectively), with the remainder of the deposit consisting of ligand-derived impurities, greatly hinders their application as optimal gold FEBID precursors.
As an alternative to the Au(III) precursors mentioned above, Cl-Au-PF 3 has been used to produce Au nanodeposits through FEBID. [66] [67] [68] [69] This was the first example of a precursor composed of Au(I) coordinated by inorganic, rather than carbonrich ligands like those commonly found in CVD precursors. In terms of precursor design, this purely inorganic precursor offered a means to prevent carbon incorporation in the deposit. Notably when Cl-Au-PF 3 was used as an FEBID precursor, deposits consisted of pure metallic gold grains, a result that was in stark contrast to the deposits created from the traditional Au(III) precursors. Following a similar logic, the analogous carbon monoxide adduct Cl-Au-CO has also been used as an FEBID precursor. [70] Similar results were obtained when this precursor was used in FEBID with deposit compositions consisting of >95 at.% Au with the remainder carbon. [71] Although Cl-Au-PF 3 and Cl-Au-CO [ Fig. 8(b) ] have drawn significant interest within the FEBID community, both Au(I) precursors suffer from moisture sensitivity [70, 72, 73] and thermal instability. [73] [74] [75] These compounds decompose at relatively low temperatures (RT for L = CO, 40-45°C for L = PF 3 ) [45, 74, 76] making storage and scale-up problematic for 
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FEBID. Additionally, Cl-Au-CO readily undergoes decarbonylation, making vacuum-based delivery of intact precursor molecules challenging. Evidence for decarbonylation in the GIS during FEBID is found in the studies of Cl-Au-CO, in which an initial pressure spike was noted as the GIS was opened to introduce gaseous precursor. [71] The spike was attributed to a release of carbon monoxide, which had built up inside the reservoir. A mixture of Au and AuCl, which had not volatilized, was subsequently observed in the reservoir when the instrument was dismantled following the deposition.
Neither Cl-Au-PF 3 nor Cl-Au-CO is viable for practical use because their sensitivity toward temperature, air, moisture, and light renders both unsuitable for storage and scale-up to the quantities needed for industrial application. [71] However, their structural and electronic similarity provides a starting point for precursor design. Structurally, the Au(I) precursors are advantageous, presenting a two-coordinate geometry in contrast to the existing Au(III) precursors that are four-coordinate. When there are fewer ligands coordinated to gold, less ligand material needs to be removed upon electron bombardment during FEBID, potentially affording lower levels of ligand-derived contamination in the deposits. These precursors are of the structural type X-Au-L, with one anionic ligand (X ) and one neutral two-electron donor ligand (L). Both of these ligand types are preferred over chelating and polyhapto ligands, which often undergo ligand decomposition rather than complete desorption (vide supra). A general mechanism for the decomposition of XAu-L complexes under FEBID conditions is proposed in Eqs. (8) and (9) . [45] Initially, the adsorbed precursor is exposed to the electrons whereupon the neutral L ligand desorbs from the surface forming gaseous L while an X-Au motif remains adsorbed on the surface. Subsequently, the anionic X ligand is ejected into the gas phase upon further irradiation of the partially decomposed X-Au species, resulting in a pure gold deposit.
In an attempt to find Au(I) precursors with higher stability, new complexes, including Me-Au-PMe 3 , Cl-Au-PMe 3 , and ClAu-SMe 2 , were examined as potential FEBID precursors. [76] Compared with Cl-Au-PF 3 , decreasing the electronegativity of the substituents on the phosphine ligand improves the stability of the corresponding complexes in two ways. First, the sensitivity of the ligand to hydrolysis is minimized. Second, the basicity of the phosphorus is increased when the substituents are less electronegative, providing a stronger Au-L bond.
Since the π backbonding in Cl-Au-CO is negligible, [54, 72] as is also likely for Cl-Au-PF 3 , the strength of the Au-L interaction is a function of the σ donor strength of L.
Although the PMe 3 and SMe 2 complexes were stable under ambient conditions, an improvement over Cl-Au-PF 3 and ClAu-CO, attempts to volatilize these precursors led to varying results. Notably, Me-Au-PMe 3 demonstrated sufficient thermal stability during volatilization, which resulted in the delivery of intact precursor molecules. However, the same was not true for Cl-Au-PMe 3 , which decomposed before reaching the gas phase. This suggests that the identity of the X ligand in X-Au-L precursors is critical for successful precursor transport.
Effective utilization of X-Au-L complexes will require an understanding of their volatility trends, which led to a study of the effects of halide variation on the volatility of complexes in this series. [77] This trend was examined for the X-Au-L (X = Cl, Br, I) complexes for several ligands [L = CN t Bu, CNMe, PMe 3 , P(NMe 2 ) 3, P(OCH 2 CF 3 ) 3 ]. The solid-state structures of Au(I) complexes are in part determined by aurophilic interactions, Au-Au bonds between individual molecules that can lead to aggregation in the solid. Volatilization of the precursors will involve breaking these intermolecular interactions. As a consequence, Au(I) complexes with smaller aggregation sizes and longer Au-Au bonds require less energy to volatilize and are thus promoted into the gas phase at lower temperatures as shown in Fig. 9 and Table 1 . Within each series of isocyanide complexes, the onset temperature for sublimation (T sub ) decreased as the halide was varied from Cl → Br → I. For the phosphine and phosphoramidate complexes, the chloride and bromide have similar T sub values with the bromide slightly higher but the iodide complex was again the most volatile of the three. For all the series of halide complexes, the iodide was most volatile due to its larger size, which precluded the formation of short Au-Au bonds and large aggregations. Although the thermal stability of Au(I) bromide and iodide complexes is lower than that of the analogous chlorides, the thermal decomposition temperatures of the X-Au-L complexes in the volatility study were significantly higher than their sublimation temperatures at 125 ± 1 mTorr, consistent with the isolation of clean precursor by sublimation.
A complementary study of Au(I) complexes including both experiment and calculations further supports the concept that solid-state aurophilic interactions influence the stability and volatility of Au(I) complexes. [86] Notably, these results suggest that the instability of Cl-Au-CO arises from aurophilic bonding in the solid lattice, which is not present in the gas phase. Density functional theory (DFT) calculations suggest that the decarbonylation of a lattice of Cl-Au-CO molecules is more facile than the decarbonylation of single Cl-Au-CO molecules. [86] In the context of this result, FEBID from this precursor (vide supra) is likely a result of the volatilization of a small quantity of intact molecules, while the bulk of the precursor decomposes, resulting in a burst of CO pressure inside the instrument and AuCl in the precursor crucible.
The same study also rationalized the different volatilities of X-Au-PMe 3 complexes (X = Cl and Me), [86] a result that had been noted by the authors in a previous publication.
[ 76] The crystal structure of the Me complex has longer Au-Au distances, which form dimeric structures with Au-Au distances of 3.3130(4) and 3.4073(5) Å with negligible Au-Au interactions for the remaining molecules in the unit cell. [86] In contrast, the Cl complex forms longer Au-Au bonds and forms larger aggregates in the solid state ( Table 1 ). The decreased Au-Au bonding in the Me complex explains its volatility under vacuum relative to the non-volatile chloride.
[86] Figure 9 . Relationship between X-Au-L volatility and the nature of aurophilic bonding. Entries denoted with square brackets [ ] are to emphasize the following theoretical contributions: a MP2 calculations on antiparallel dimers (X-Au-CNMe) 2 .
b DFT calculations on antiparallel dimers (X-Au-CNMe) 2 .
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Control of stoichiometry in alloys: heterobimetallic precursors
The scope of materials that can be deposited by FEBID has progressed to include mixed metal alloys [87] [88] [89] and also metal-silicon [90, 91] and metal-carbon alloys. [92] In principle, FEBID of nanoalloys with controlled composition is an attractive target because their materials properties could be tailored for specific applications. In addition to composition, the size and shape of alloys govern their magnetic properties [93] and these properties can be controlled in FEBID. Initial reports on the deposition of nanoalloys by FEBID utilize a co-deposition method in which two different monometallic precursors are introduced simultaneously. [89] Control of the deposit stoichiometry in co-reactant systems can be challenging. Co-deposition requires a modified electron microscope setup, incorporating multiple GIS that simultaneously introduce each precursor required to make the desired alloy. Since this technique requires multiple precursors, preliminary experiments are often required to determine the growth rate from each precursor to optimize their respective precursor flux. [87, 89] An additional factor that governs the deposit compositions is the differences in the kinetics of adsorption and dissociation of each precursor to the substrate. [92] Single-source precursors that contain multiple metal centers offer the advantage of reproducible control over deposit stoichiometry since each metal atom originates from the same precursor molecule. Polynuclear clusters and heterobimetallic complexes have been used as single-source precursors in CVD to successfully grow mixed metal alloys and oxides. [94] [95] [96] [97] [98] [99] More recently, heterobimetallic single-source precursors have been used in FEBID. A notable example is the heterometallic cluster HFeCo 3 (CO) 12 (Fig. 10) , which produces high-purity deposits of >80 at.% FeCo when used for FEBID nanofabrication. [100] It is also important to note that the deposits retained the stoichiometry of the FeCo 3 metal core of the precursor. The high-purity deposits from HFeCo 3 (CO) 12 exhibited ferromagnetism, making them attractive for magnetic data storage applications. The magnetism result is important because this property can be negatively affected by the low metal content of FEBID deposits.
In contrast to the behavior of HFeCo 3 (CO) 12 , the similar cluster H 2 FeRu 3 (CO) 13 (Fig. 8 ) affords FEBID deposits with relatively low (<25%) metal contents. [101] X-ray crystallographic determination [101] [102] [103] of the structure of the FeRu 3 cluster indicated that the absence of a bridging CO ligand on one Fe-Ru bond axis gives rise to an extended bond length. Likewise, the Ru-Ru bonds with hydride bridges are longer than the unbridged counterpart. Together, these contribute to the distortion from the idealized tetrahedral core structure of HFeCo 3 (CO) 12 . UHV surface science studies revealed that both HFeCo 3 (CO) 12 and H 2 FeRu 3 (CO) 13 react in a two-step process, analogous to the reactions of monometallic precursors. [101, 104] For both bimetallic precursors, the initial electron-stimulated decomposition step is similar, resulting in the desorption of a significant and similar number (8-9) of CO groups to form partially decarbonylated intermediates. [101, 104] Comparisons with related gas-phase studies suggests that the electron-stimulated decomposition of these two bimetallic precursors proceeds through dissociative ionization (DI). [101, 104] The critical difference between H 2 FeRu 3 (CO) 13 and HFeCo 3 (CO) 12 appears to lie in the stability of the partially decarbonylated intermediate. In the case of HFeCo 3 (CO) 12 , the partially decarbonylated intermediate generated from initial electron-induced decomposition undergoes complete CO desorption when annealed to RT, which is consistent with the high metal content obtained in steady-state FEBID experiments. [100, 104] This is not the case with H 2 FeRu 3 (CO) 13 , where the partially decarbonylated intermediate is relatively stable toward additional electron flux and thermal processing. [101, 104] The reactivity differences between HFeCo 3 (CO) 12 and H 2 FeRu 3 (CO) 13 demonstrate that the nature and reactivity of the intermediate species produced as a result of precursor decomposition are critically important in determining the ultimate metal content achieved in FEBID.
The influence of the coordination sphere, including metalmetal bonding, in bimetallic precursors during electron beam-induced decomposition is not yet understood, despite studies of the cluster complexes HFeCo 3 (CO) 12 and H 2 FeRu 3 (CO) 13 .
In an effort to elucidate electronic structure effects, studies were carried out on Cp(CO) 2 FeMn(CO) 5 , a bimetallic precursor with a simpler structure. [105] Structurally, Cp(CO) 2 FeMn(CO) 5 is different than the clusters HFeCo 3 (CO) 12 and H 2 FeRu 3 (CO) 13 . In Cp(CO) 2 FeMn(CO) 5 , the metal centers are held together by a single unsupported metal-metal bond. There are no bridging CO or hydride ligands to complicate the metal-metal bonding. Each metal center has a different set of ancillary ligands consisting of η 5 -Cp and CO on the Fe fragment and CO only on Mn (Fig. 8, bottom) .
In surface science studies with Cp(CO) 2 FeMn(CO) 5 , initial electron-induced decomposition of thin films of the precursor resulted in facile CO desorption, producing a partially decarbonylated surface-bound intermediate. [105] 5 suggest that rational manipulation of the coordination sphere of each metal center could be used to control the electron-induced chemistry of precursors incorporating multiple metal atoms. An interesting facet of the gas-phase electron-molecule interactions of Cp(CO) 2 FeMn(CO) 5 is the qualitative relationship between the DI studies carried out with 70 eV electrons [106] and the behavior of the precursor under UHV surface science conditions. [105] Because electron impact mass spectrometry (EI-MS) with incident electrons of similar energy is a standard characterization tool in synthesis laboratories, the DI (or EI-MS) behavior of potential precursors could be used for the pre-screening of precursors by synthetic chemists before more extensive studies of electron-molecule interactions under FEBID conditions are undertaken. The use of MS for the prescreening of precursors is a common practice in the CVD community, with the understanding that care during interpretation of the data is warranted because MS detects ionized species while thermal decomposition during CVD is more likely to produce neutral fragments. [107, 108] In FEBID, the precursor is decomposed by electron-molecule interactions so the relationship between EI-MS and FEBID is expected to be closer than in CVD. In the case of Cp(CO) 2 FeMn(CO) 5 , the DI (EI-MS) data do resemble the UHV surface science results. In the gas-phase electron-molecule interaction studies, the highest intensity DI peaks ( [106] consistent with the persistence of the Cp carbons under electron irradiation in the UHV surface science experiments. [105] Significant intensity of peaks for various combinations of CO loss in the DI spectrum is reflected in loss of those ligands from the surface.
However, despite the relationship between EI-MS and FEBID, interpretative caution is still in order because FEBID has features that are not present in the gas-phase electron-molecule interactions of EI-MS. One important difference is that in FEBID, precursor molecules are exposed to a range of secondary electrons from the substrate rather than the single-electron energy (≈70 eV) commonly used in EI-MS, and ion yields are known to depend on the incident electron energy. [109] Perhaps more importantly, precursors can decompose as a result of several different types of electron-molecule interactions, of which DI is only one. [110] In particular, low-energy Prospective Article secondary electrons (typically <10 eV) can initiate decomposition as a result of DEA. Previous comparisons between singlecollision gas-phase studies where the incident energy can be tuned and UHV surface science data suggest that some precursors decompose principally by DEA and some by DI. [29] Another caveat with EI-MS is that it can only measure the initial electron interactions with the precursor molecule, while secondary electron processes associated with adsorbed intermediates also play an important role in determining the ultimate composition of the deposit formed in FEBID. For example, in the case of Cp(CO) 2 FeMn(CO) 5 , the oxidation of Mn after the decomposition of CO on the surface [105] cannot, of course, be anticipated from the DI spectra. However, the critical point for pre-screening purposes is that the facile CO ligand loss pathways on the surface and the persistence of the Cp ligand can be seen in the DI. If these types of insights turn out to be generalizable across a range of different precursors, EI-MS could be of great utility in pre-screening precursors before their electron-induced surface reactions are studied or FEBID is attempted.
Conclusions and outlook
During FEBID, UHV surface science studies have revealed that the initial electron-stimulated decomposition of adsorbed precursor molecules is accompanied by ligand desorption from the organometallic complex to form a surface-bound intermediate. Subsequent electron irradiation of this intermediate decomposes the remaining ligands (unless they are unstable toward desorption at room temperature), with the exception of halogen atoms, which can desorb via an electron-stimulated desorption process.
To minimize organic contamination in organometallic precursors designed for use in FEBID, our results suggest a number of guiding principles should be followed:
(1) Organometallic precursors with a small number of monodentate ligands are desirable as FEBID precursor candidates. (2) Among the monodentate ligands studied, CO and NH 3 groups appear to be privileged as they preferentially desorb in mixed ligand complexes and it is common for multiple CO or NH 3 ligands to desorb. However, the tendency of NH 3 ligands to undergo intermolecular hydrogen bonding may cause problems with precursor volatility. (3) Anionic ligands bonded through multiple coordination sites (bidentate, polydentate, or polyhapto) should be avoided. Anionic polyhapto carbon ligands such as cyclopentadienyl (η 5 -C 5 H 5 ) or allyl (η 3 -C 3 H 5 ) tend to be particularly problematic as the multiple metal-carbon bonds lead to ligand decomposition and carbon incorporation. (4) Halogen atoms attached directly to late transition metal centers do not desorb during initial precursor decomposition but can be removed subsequently under the influence of higher doses of electrons. (5) Precursors must be sufficiently volatile for transport in a GIS at temperatures <100°C. We find that the onset temperature for sublimation of a precursor provides a practical surrogate for vapor pressure.
In comparison to monometallic FEBID precursors, development of general designs for heterobimetallic precursors is anticipated to be challenging because unsupported metal-metal bonds tend to be weak. The lability of these bonds combined with decreased precursor volatility arising from higher molecular weights is likely to cause difficulties in volatilizing the compounds without decomposing them. Nonetheless, combining precursor design with UHV surface science studies and gasphase electron-molecule interactions will continue to provide insights for use in precursor design for FEBID.
